Insulin resistance in skeletal muscle in vivo is associated with reduced lipid oxidation and lipid accumulation. It is still uncertain whether changes in lipid metabolism represent an adaptive compensation at the cellular level or a direct expression of a genetic trait. Studies of palmitate metabolism in human myotubes established from control and type 2 diabetic subjects may solve this problem, as genetic defects are preserved and expressed in vitro. In this study, total uptake of palmitic acid was similar in myotubes established from both control and type 2 diabetic subjects under basal conditions and acute insulin stimulation. Myotubes established from diabetic subjects expressed a primary reduced palmitic acid oxidation to carbon dioxide with a concomitantly increased esterification of palmitic acid into phospholipids compared with control myotubes under basal conditions. Triacylglycerol (TAG) content and the incorporation of palmitic acid into diacylglycerol (DAG) and TAG at basal conditions did not vary between the groups. Acute insulin treatment significantly increased palmitate uptake and incorporation of palmitic acid into DAG and TAG in myotubes established from both study groups, but no difference was found in myotubes established from control and diabetic subjects. These results indicate that the reduced lipid oxidation in diabetic skeletal muscle in vivo may be of genetic origin; it also appears that TAG metabolism is not primarily affected in diabetic muscles under basal physiological conditions. Diabetes 53:542-548, 2004
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Insulin resistance in skeletal muscle in vivo is associated with reduced lipid oxidation and lipid accumulation. It is still uncertain whether changes in lipid metabolism represent an adaptive compensation at the cellular level or a direct expression of a genetic trait. Studies of palmitate metabolism in human myotubes established from control and type 2 diabetic subjects may solve this problem, as genetic defects are preserved and expressed in vitro. In this study, total uptake of palmitic acid was similar in myotubes established from both control and type 2 diabetic subjects under basal conditions and acute insulin stimulation. Myotubes established from diabetic subjects expressed a primary reduced palmitic acid oxidation to carbon dioxide with a concomitantly increased esterification of palmitic acid into phospholipids compared with control myotubes under basal conditions. Triacylglycerol (TAG) content and the incorporation of palmitic acid into diacylglycerol (DAG) and TAG at basal conditions did not vary between the groups. Acute insulin treatment significantly increased palmitate uptake and incorporation of palmitic acid into DAG and TAG in myotubes established from both study groups, but no difference was found in myotubes established from control and diabetic subjects. These results indicate that the reduced lipid oxidation in diabetic skeletal muscle in vivo may be of genetic origin; it also appears that TAG metabolism is not primarily affected in diabetic muscles under basal physiological conditions. Diabetes 53:542-548, 2004 T ype 2 diabetes is characterized by hyperglycemia, hyperinsulinemia, reduced ability to oxidize fat, and accumulation of triacylglycerol (TAG) within skeletal muscle fibers. Impaired glucose transport and glycogen synthesis are well documented in insulin-resistant subjects (1) (2) (3) , but lipid metabolism is less clearly understood. Using the leg-balanced technique, Kelley and Simoneau (4) have demonstrated a diminished uptake of plasma free fatty acids (FFAs) and a reduced lipid oxidation rate of fatty acids in the postabsorptive state in type 2 diabetic patients. Mensink et al. (5) in a recent study showed that FFA uptake and oxidation are also diminished in subjects with impaired glucose tolerance. Furthermore, in obese versus lean subjects, the FFA oxidation rate and enzyme activities are reduced (6) , and there is also a reduced oxidative capacity in muscle fibers from obese and type 2 diabetic subjects (7). Recently, Kelly et al. (8) demonstrated that mitochondria size and activity are reduced in obese and type 2 diabetic subjects and are correlated with the degree of insulin resistance. Several studies have found an increased accumulation of TAG in muscle fibers of obese and type 2 diabetic subjects (7, 9, 10) . Intracellular TAG content correlates inversely with insulin resistance (11) (12) (13) (14) (15) . Lowering of the TAG content by weight loss or training is followed by improved insulin sensitivity. Despite all these studies, it is still uncertain whether the reduced lipid oxidation and accumulation of TAG represent an adaptive compensation at the cellular level and/or are a direct expression of a primary genetic trait. In this context, cultures of human myotubes offer an excellent model for performing studies under standardized conditions. First, satellite cultures express traits known from in vivo muscles (16 -20) , and second, they allow the genetic and adaptive processes to be differentiated (21) . Recently, we described the optimized conditions for satellite culture proliferation and differentiation (19) , which have been shown to be suitable for studying the regulation of glycogen synthase activity and the differentiation between induced and primary defects in glucose metabolism in diabetic and normal myotubes (20, 21) . In the present study, we measured palmitic acid uptake, oxidation, and incorporation into complex cellular lipids in myotubes established from type 2 diabetic subjects and matched control subjects to clarify whether myotubes established from the diabetic subjects expressed inherited defects in fatty acid metabolism. DK). Etomoxir (Sigma Research Biochemicals, Natick, MA) was a gift from Rolf K. Berge.
Characteristics of the study participants, 10 obese type 2 diabetic patients and 10 control subjects matched for age and BMI, are given in Table 1 . Only sedentary male subjects were recruited. None of the diabetic patients had received insulin treatment. None of the patients had diabetic complications apart from simplex retinopathy. Muscle biopsies were obtained according to Bergströ m (22) from m. vastus lateralis in the fasted state. All subjects gave written informed consent, and the local ethics committees of Funen and Vejle County approved the study. Cell culture. Cell cultures were established as previously described (19, 20) . In brief, muscle tissue was minced, washed, and dissociated for 60 min by three treatments with 0.05% trypsin-EDTA. The harvested cells were pooled, and FCS was added to stop trypsinization. The cells obtained were seeded for upscaling on ECM-gel-coated dishes after 30 min of preplating. Cell cultures were established in DMEM medium supplemented with 10% FCS, 50 units/ml penicillin, 50 g/ml streptomycin, and 1.25 g/ml amphotericin B. After 24 h, cell debris and nonadherent cells were removed by changing the growth medium to DMEM supplemented with 2% FCS, 2% Ultroser G, 50 units/ml penicillin, 50 g/ml streptomycin, and 1.25 g/ml amphotericin B. Cells were subcultured twice before final seeding. At 75% confluence, the growth medium was replaced by basal medium (DMEM supplemented with 2% FCS, 50 units/ml penicillin, 50 g/ml streptomycin, 1.25 g/ml amphotericin B, and 25 pmol/l insulin) to allow the induction of differentiation. The cells were cultured in humidified 5% CO 2 atmosphere at 37°C, and the medium was changed every 2-3 days. Human myotubes established from control and diabetic subjects were allowed to differentiate at physiological conditions of insulin (25 pmol/l) and glucose (5.5 mmol/l) for 8 days. All myotube cultures were used for analysis on day 8 after onset of differentiation. Fatty acid oxidation Carbon dioxide. Cells were cultured on 12.5-cm 2 flasks and differentiated as described above. Myotubes were exposed to DMEM supplemented with 0.24 mmol/l fatty acidϪfree BSA, 0.5 mmol/l L-carnitine, 20 mmol/l HEPES, [1- 14 C]palmitic acid (2.0 Ci/ml, 0.6 mmol/l), and 25 pmol/l or 1 mol/l of insulin to study basal and insulin-mediated palmitate oxidation, respectively. Flasks were made airtight by using stopper tops. After 4 h, 300 l phenylethylamine methanol (1:1 vol/vol) were added with a syringe to a center well containing a folded filter paper. Subsequently, 300 l 1 mol/l perchloric acid was added to the cells through the stopper tops using a syringe. The flasks were placed for a minimum of 1 h at room temperature to trap labeled CO 2 . Cell-free flasks (no-cell controls) went through the same procedure to correct for nonspecific CO 2 trapping. To evaluate the importance of mitochondrial carnitine palmitoyltransferase (CPT)-1 in mitochondria, myotubes were exposed to a low concentration of etomoxir, which irreversibly inhibits CPT-1, whereas CPT analogs in microsomes are reversibly inhibited (23) . Myotubes were exposed to 1 mol/l etomoxir for 30 min, washed, and then allowed to recover for 30 min before lipid oxidation was measured, as described above. Acid-soluble metabolites. Cells were cultured in six-well plates and differentiated as described above. Myotubes were exposed to DMEM supplemented with 0.24 mmol/l fatty acidϪfree BSA, 0.5 mmol/l L-carnitine, [1- 14 C]palmitic acid (2.0 Ci/ml, 0.6 mmol/l), and 25 pmol/l or 1 mol/l insulin to study basal and insulin-mediated palmitate oxidation, respectively. After 4 h, the incubation media were transferred to new tubes and assayed for labeled acid-soluble metabolites (ASMs) (24) . Lipid profile. Myotubes were placed on ice, washed three times with PBS, scraped into a tube in two additions of PBS (2 ϫ 1 ml), centrifuged (1000g, 5 min), and stored at Ϫ20°C in demineralized water. The cells were later assayed for protein and the cellular lipids were extracted. Samples were taken for protein determination, using BSA as a reference protein (25) . The homogenized cell fraction was mixed with 20 vol of chloroform methanol (2:1 vol/vol) (24) . Then 4 vol of a 0.9% sodium chloride solution (pH 2.0) were added, and the mixture was allowed to separate into two phases. The organic phase was dried under a stream of nitrogen at 40°C. The residual lipid extract was redissolved in 200 l hexane and separated by thin-layer chromatography using hexane-diethylether-acetic acid (65:35:1, vol/vol/vol) as developing solvent. The various lipid bands were visualized by iodine vapor and cut into 8 ml InstaGel II Plus (Packard Bioscience, Groningen, Netherlands); the radioactivity was quantified by liquid scintillation (Packard Tri-Carb 1900 TR). Triacylglycerol content of myotubes. Mass measurement of cellular triacylglycerol was performed using an enzymatic kit (Triglyceride GPO-Trinder; Sigma) after cell samples were extracted according to Folch et al. (26) and redissolved in 50 l 2-propanol. Statistical analysis. Data are given as means Ϯ SE for all experiments run in duplicate or triplicate. The number of different contributing myotube cultures in each experiment is indicated in the figure legends. Statistical analyses were performed with STATA. Nonparametric statistical analyses of data were used; the Mann-Whitney test was used for unpaired comparisons, and Wilcoxon's signed-rank test was used for paired comparisons. P Յ 0.05 was considered significant.
RESULTS
Clinical data for the control and type 2 diabetic patients are given in Table 1 . Myotubes established from control and diabetic subjects did not differ in appearance under phase-contrast microscopy ( Fig. 1) . Lipid metabolism in differentiated myotubes established from control and diabetic subjects was studied using [1- 14 C]palmitic acid. The cells were incubated with 0.6 mmol/l palmitic acid for 4 h, and the cellular level of free palmitic acid, the incorpora- (Fig. 3A and B) . (Fig. 3A and B) . Fatty acid oxidation. Oxidation of palmitate was determined by the measurement of ASMs in the cell medium and by the trapping of CO 2 . Production of CO 2 was significantly decreased (by 26%) in myotubes established from type 2 diabetic patients under basal conditions (4.3 Ϯ 0.5 vs. 5.9 Ϯ 0.6 nmol/mg protein; P ϭ 0.03) as well as under acute insulin stimulation (4.3 Ϯ 0.5 vs. 5.9 Ϯ 0.4 nmol/mg protein; P ϭ 0.03) ( Fig. 3A and B) . ASM and total palmitate oxidation (sum of ASM and CO 2 ) were not significantly decreased in myotubes established from diabetic subjects whether under basal conditions or acute insulin stimulation ( Fig. 4A and B) . To study the importance of CPT-1 for palmitate oxidation under basal conditions, myotubes were treated with the CPT-1 inhibitor etomoxir (1 mol/l). Production of CO 2 under basal conditions was significantly decreased by etomoxir in both diabetic myotubes (3.5 Ϯ 0. crease CO 2 production more in control than in diabetic myotubes (24.3 Ϯ 3.2 vs. 14.7 Ϯ 3.0%; P ϭ 0.06). Acute insulin stimulation. Figure 5 shows the effect of acute insulin (1 mol/l) treatment on palmitate metabolism. Acute insulin stimulation significantly increased incorporation of labeled palmitate into TAG by 96 (P ϭ 0.01) and 84% (P ϭ 0.005) and incorporation into DAG by 24 (P ϭ 0.01) and 31% (P ϭ 0.005) for control and diabetic myotubes, respectively. There was no significant effect of insulin on the other lipid classes examined or on oxidation of palmitate (Fig. 5) . Total palmitate uptake was increased by 30 (P ϭ 0.01) and 21% (P ϭ 0.007) for control and diabetic myotubes, respectively. However, the insulin responses were not different between the groups. In diabetic as well as control myotubes, about 80% of the insulinmediated palmitic acid uptake was incorporated into the TAG fraction. Triacylglycerol content. We also investigated if the TAG content varied between myotubes established from control compared with diabetic subjects and precultured under basal physiological conditions. We did not observe any significant difference between control and diabetic myotubes (30.5 Ϯ 3.6 vs. 36.4 Ϯ 3.0 g TAG/mg protein; P ϭ 0.31; n ϭ 9 and 10 for control and diabetic myotubes, respectively).
DISCUSSION
The main finding of the present study was that myotubes established from type 2 diabetic subjects expressed a primary reduced complete palmitate oxidation with a concomitant increase in the esterification of palmitic acid into phospholipids. Palmitic acid incorporation into DAG and TAG did not differ between the groups, whether under basal conditions or acute insulin stimulation, and TAG content in myotubes established from control and type 2 diabetic subjects did not differ significantly. These results indicate that the reduced lipid oxidation in diabetic muscle observed in vivo may be of genetic origin and that TAG metabolism may not be primarily affected in diabetic muscles under basal physiological conditions.
Previously, it has been described that intracellular TAG is increased (7, 9, 10) and that oxidation of lipids is reduced in muscle fibers from obese and type 2 diabetic subjects (4, 6, 27, 31) ; however, the mechanism responsible for these changes has not yet been identified. To gain further insight into this mechanism, we investigated whether these alterations could be partially explained by inherited factors using a model of cultured human myotubes. The myotube model is based on the assumption that preconditioning in vivo is not a serious problem when it comes to acquired irreversible defects as a consequence of chronic hyperinsulinemia, hyperlipidemia, and/or hyperglycemia before satellite cell isolation. The contribution of previous metabolic influences may be rather small as isolated quiescent satellite cells are allowed to replicate for weeks in a new environment. In this study, we compared a group of obese control subjects with obese type 2 diabetic subjects to minimize the contribution of adaptive processes, given that the subjects differed only by diabetes-promoting genes.
The reduced lipid oxidation found in this study can be explained by 1) reduced fatty acid (lipid) uptake, 2) reduced entry of acyl-CoA into the mitochondria, 3) reduced number of mitochondria or altered morphology, and/or 4) reduced fatty acid ␤-oxidation and carbon dioxide formation. In the literature, there is evidence for all these mechanisms. Using the leg-balanced technique, Kelley and Simoneau (4) demonstrated a diminished uptake of plasma fatty acids and lipid oxidation rate in the postabsorptive state in type 2 diabetic patients. More recently, Mensink et al. (5) showed that FFA uptake and oxidation are diminished in subjects with impaired glucose tolerance. Rasmussen et al. (28) showed that malonyl-CoA can regulate CPT-1 activity and fat oxidation in human skeletal muscle. However, Båvenholm et al. (29) did not find any differences in malonyl-CoA concentration in muscle in obese control subjects and type 2 diabetic subjects. Kelley et al. (8) have demonstrated a decreased size and impaired functional capacity of mitochondria in type 2 diabetic subjects. He et al. (7) demonstrated through immunohistochemical studies that muscle fibers from obese and type 2 diabetic subjects express a reduced oxidative capacity. However, in all these studies, it was not possible to differentiate between primary and adaptive consequences. With our model system, which consisted of cultured human myotubes and was devoid of other environmental factors, we found no difference in fatty acid uptake but did observe a reduced palmitate oxidation in myotubes established from type 2 diabetic subjects compared with those from control subjects. Etomoxir inhibited palmitic acid oxidation to a lesser extent in diabetic myotubes compared with control myotubes, although not significantly, indicating that the CPT-1 activity is reduced or CPT-1 is already inhibited by an increased malonyl-CoA concentration in diabetic myotubes. However, recently Båvenholm et al. (29) showed that changes in muscle malonyl-CoA concentration were similar in obese control subjects and type 2 diabetic subjects, thereby implying that the CPT-1 number may be different. Kelley et al. (8) found that the function of mitochondria is impaired in diabetic muscle, meaning that CPT-1 could be affected. The decreased fatty acid oxidation in diabetic myotubes could also be explained by an increased ongoing hydrolysis of endogenous TAG. This possibility seems unlikely as lipid oxidation did not increase under acute insulin stimulation when we observed an increased palmitic acid uptake and TAG synthesis. Altogether, our study showed that fatty acid oxidation and possibly the mitochondrial function seemed to be reduced in diabetic myotubes compared with control myotubes, suggesting that the reduced lipid oxidation in vivo is, at least partially, of primary origin.
Several studies have found that lipid uptake is reduced in diabetic muscles under fasting conditions (4, 27, 30, 31) . Moreover, subjects with impaired glucose tolerance express a reduced fatty acid uptake (5, 32) . However, lipid uptake did not seem to be primarily affected under basal conditions or acute insulin stimulation in our study, indicating that lipid uptake in vivo was decreased as an adaptive reaction. The mechanism could be a combination of an increased TAG content in diabetic muscle fibers and an increased rate of lipolysis based on mass action, thereby increasing the intracellular FFA concentration and diminishing the FFA uptake from the plasma. In line with this, Blaak et al. (31) described an increased release of glycerol from the forearm muscle of type 2 diabetic subjects.
Increased intramyocellular TAG has been described for obese and type 2 diabetic subjects (7, 9, 10) . We measured the TAG content and the incorporation of palmitate into DAG and TAG at basal conditions and could not show any significant difference between the groups. Moreover, acute insulin stimulation increased palmitic acid incorporation into DAG and TAG to the same extent as it did in myotubes established from control and diabetic subjects. These data imply that the increased TAG accumulation seen in diabetic muscle fibers in vivo is an adaptive event. It has been speculated that reduced oxidation may be related to an increased TAG accumulation, i.e., defects in CPT-1 are associated with TAG accumulation (33) . In this study, we provided the first evidence that myotubes established from type 2 diabetic subjects expressed primary reduced palmitic acid oxidation. Fatty acid uptake was not decreased in myotubes established from type 2 diabetic subjects compared with control subjects under basal conditions, implying a concomitant increase in the esterification of palmitic acid. We found that palmitic acid incorporation into phospholipids, but not incorporation into TAG in diabetic versus control myotubes, was significantly increased. Acute insulin stimulation increased palmitate uptake, and the palmitic acid taken up was incorporated into DAG and TAG to the same extent in myotubes established from both control and diabetic subjects, without increasing palmitic acid oxidation. This means that the accumulation of TAG in human myotubes under basal conditions and acute insulin stimulation was not dependent on a reduced lipid oxidation in myotubes precultured under physiological conditions. It has been observed that inhibition of CTP-1 for 4 weeks in rats significantly increased TAG accumulation and muscle insulin resistance (34) . Thus, it could be speculated that TAG accumulation would occur if the culturing period were extended to 4 weeks with/without a diabetes-inducing environment (e.g., high glucose, high insulin, high FFA concentrations), either on the basis of a long-lasting lower function of lipid oxidation or an increase in malonyl-CoA by the insulin resistanceϪinducing environment.
Acute insulin stimulation increased palmitic acid esterification into DAG and TAG in diabetic and control myotubes, but without showing any differences between the groups. The increase in TAG and DAG under insulin stimulation was fully explainable by the increased palmitic acid uptake, suggesting that the induced TAG synthesis under insulin stimulation was completely dependent on exogenous FFA. Phospholipid metabolism seemed to not be sensitive to acute insulin stimulation, indicating that it was determined by endogenous processes and that the increased esterification of palmitic acid into phospholipids in diabetic myotubes could be genetically determined. In this study, we described how phospholipid esterification from palmitic acid is increased and oxidation is reduced under basal conditions, suggesting that palmitic acid oxidation could be associated with the incorporation of palmitic acid into phospholipids in type 2 diabetic myotubes. It has been observed that diets rich in saturated fatty acids decrease insulin sensitivity, whereas replacement of part of the fat by polyunsaturated fatty acids (PUFAs) prevents this effect (15, 35) . The content of PUFAs in phospholipids seems to correlate with insulin resistance, suggesting that the PUFA content of phospholipids may modulate insulin action (15, 36) . Pan et al. (37) showed in Pima Indians that the fatty acid profile of skeletal muscle phospholipids was closely linked to insulin action, with a higher proportion of saturated lipids being associated with insulin resistance. We found an increased incorporation of palmitic acid (saturated) into phospholipids in diabetic myotubes, suggesting that these myotubes could be more insulin resistant than control myotubes.
In several in vitro studies, it has been shown that insulin-mediated glycogen synthesis and glucose transport are genetically affected in myotubes established from type 2 diabetic subjects (16, 18, 21, 38) . We now add reduced fatty acid oxidation and increased palmitic acid esterification to phospholipids to this picture. The evidence is that human myotubes established from type 2 diabetic subjects express multiple inherited defects in both glucose and lipid metabolism, suggesting an insulin-resistant phenotype.
In conclusion, we have shown that myotubes established from type 2 diabetic subjects express a reduced fatty acid oxidation with a concomitant increase in the esterification of palmitate into phospholipids. Basal and insulin-mediated TAG synthesis did not vary significantly in control and diabetic myotubes precultured under basal physiological conditions.
